Neurites of superior cervical ganglion neurons from embryonic, perinatal, and adult rats extended at different rates when placed in tissue culture on similar collagen substrata. Using high resolution cinematography and a time-lapse video recording system, we concluded that these differences arise from variations in individual growth cone .behavior. Growth cones of embryonic and perinatal neuronal origin exhibited high peak rates of advance and filopodial and lamellipodial excresences. Perinatal cones differed from embryonic ones in that they were somewhat larger, advanced in straighter paths, and retracted less, consequently translocating at 14 to 29 pm/hr compared with 8 to 22 pm/hr for embryonic cones (ranges of 4-hr means). The growth cones of neurons obtained from adult rats had scant cytoplasm and short branched filopodia, lacked definitive lamellipodia, and traversed the terrain at 4 to 13 wm/hr due to lack of high peak rates of advance and more time spent in stationary or minimal advance phases. Periodic pauses lasting 10 to 20 min, occurring every 20 to 90 min, interrupted the forward advance of growth cones of all ages. During pauses or slow forward movement, the growth cone displayed numerous filopodia whereas, during brief episodes when embryonic and perinatal growth cones moved at peak rates of 200 pm/hr or more, the cone periphery was predominantly lamellipodial. We conclude that the predominance of a lamellipodial or filopodial conformation correlates with the rate of growth cone advance and that age-dependent variations in neurite extension rates are related to differences in growth cone form and pattern of translocation. This is the first documentation of differing behavior of single growth cones of neurons of varying developmental ages in culture.
Neurites of superior cervical ganglion neurons from embryonic, perinatal, and adult rats extended at different rates when placed in tissue culture on similar collagen substrata. Using high resolution cinematography and a time-lapse video recording system, we concluded that these differences arise from variations in individual growth cone .behavior. Growth cones of embryonic and perinatal neuronal origin exhibited high peak rates of advance and filopodial and lamellipodial excresences. Perinatal cones differed from embryonic ones in that they were somewhat larger, advanced in straighter paths, and retracted less, consequently translocating at 14 to 29 pm/hr compared with 8 to 22 pm/hr for embryonic cones (ranges of 4-hr means). The growth cones of neurons obtained from adult rats had scant cytoplasm and short branched filopodia, lacked definitive lamellipodia, and traversed the terrain at 4 to 13 wm/hr due to lack of high peak rates of advance and more time spent in stationary or minimal advance phases. Periodic pauses lasting 10 to 20 min, occurring every 20 to 90 min, interrupted the forward advance of growth cones of all ages. During pauses or slow forward movement, the growth cone displayed numerous filopodia whereas, during brief episodes when embryonic and perinatal growth cones moved at peak rates of 200 pm/hr or more, the cone periphery was predominantly lamellipodial. We conclude that the predominance of a lamellipodial or filopodial conformation correlates with the rate of growth cone advance and that age-dependent variations in neurite extension rates are related to differences in growth cone form and pattern of translocation. This is the first documentation of differing behavior of single growth cones of neurons of varying developmental ages in culture.
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' To whom correspondence should be addressed, at Department of Anatomy and Neurobiology, Washington University School of Medicine, 660 South Euclid Avenue, Box 8108, St. Louis, MO 63110. adult rats, extended neurites at much lower initial rates of 70 to 176 pm/day. This study of rat sympathetic neurons confirmed and expanded, with additional quantitation, findings of age-dependent neurite growth from cultured chick sympathetic neurons (Ebendal, 1979) . Tissue culture evidence of the age dependence of maximal neurite growth has also been obtained for other neuronal types and species under several culture conditions. Neurite growth from ciliary ganglion, cultured in either an explant or a dissociated cell mode, is best when ganglia are from 6-to II-day chick embryos (Ebendal, 1979; McLennan and Hendry, 1980; Collins and Lee, 1982) . It is during this period of time in vivo that the ciliary neurons are contacting their targets. After this stage, i.e., by Hamburger-Hamilton stage 40 or embryonic day 14, the ability of the ciliary neurons to extend neurites is markedly diminished.
Similarly, chick spinal ganglion neurons show maximal growth of neurites when taken from 7-to 13-day embryos, a stage at which they also appear to be most responsive to nerve growth factor (NGF) (Winick and Greenberg, 1965; Herrup and Shooter, 1975; Ebendal, 1979) . In studies of amphibian (Xenopus laevis) eye or retina in culture, neuritic outgrowth is again more vigorous from younger embryonic animals as opposed to older larval animals (Agranoff et al., 1976) .
In vivo studies have also concluded that neurite growth is age dependent.
Axons of the rat primary corticospinal tract initially grow at 1.2 mm/day through the diencephalon and 3052 Argiro et al. Vol. 4, No. 12, Dec. 1984 midbrain (embryonic day 17.5 (E17.5 to E19.5) but accelerate to approximately 7.5 mm/day as they reach the thoracic levels of the cord (postnatal day 3 (P3 and P4) (Schreyer and Jones, 1982) . In a study of regeneration of peripheral nerve (as opposed to the above study of initial growth of central neurons), Black and Lasek (1979) showed that the rate of regrowth of rat sciatic nerve fibers following a crush injury decreases with increasing postnatal age.
These studies raise the question of whether the differences in neurite outgrowth rates reflect individual growth cone activity. Differences in the behavior of individual growth cones at different stages of development would strengthen the hypothesis that the maximum capacity for neurite extension is linked to a specific stage of neuronal differentiation.
The purpose of this investigation was to compare growth cones of embryonic, perinatal, and adult neurons and to determine whether differences found could explain age-dependent neurite outgrowth rates.
Materials and Methods
Tissue culture. SCG were removed from rats and rat embryos as described previously (Argiro and Johnson, 1982 were recalled from the floppy disk. Each image was displayed on the computer video monitor along with a superimposed cross-hair cursor whose position on the image could be set by moving the physical cursor device to a corresponding location on the graphics tablet. The cursor was used to mark the location of the growth cone at the tip of each neurite.
The two-dimensional trajectories of two to seven growth cones were constructed from each 4-hr sequence. Figure 1 shows the appearance of the computer display halfway through one such analysis session.
The first two points on the trajectory established a vector representing the initial direction of growth cone translocation. As motion continued away from the tip of this vector (the second recorded position), the distance from this point to the tip of the growing neurite was calculated.
The 
Results
General observations. Neurites grew from the margins of explants or from dissociated neurons within 12 hr of explantation when the ganglia were from embryonic or perinatal animals. Outgrowth from perinatal (E21/Pl) explants occurred as thin fascicles; non-neuronal cells migrated a short distance behind the advancing growth cones. Isolated growth cones were more difficult to find in embryonic (E17) than in perinatal explant cultures because the neurites were more fasciculated and the cones were more often growing on non-neuronal cells (Roufa et al., 1983) . Outgrowth from ganglia from postnatal (P30 to P40) rats was delayed for 1 to 2 days. During this interval, a few non-neuronal cells migrated from the explants, in advance of any neurite extension. When neurites appeared, they were few in number and scattered irregularly around the explant perimeter in small fascicles.
Because the dissociated cells were plated at low density, they were separated by distances of 100 pm or more. As a result, isolated growth cones could be observed for at least 2 to 3 days before the growing neurites established a continuous network of fascicles. The arborization pattern of individual cells varied considerably and apparently at random. Some neurons extended one or two processes for considerable distances before branching; others in tne same chamber produced highly branched and intertwined processes. No consistent differences were detected in branching patterns of dissociated neurons of different ages. Differences between growth cones in explant and dissociated cell cultures were not apparent. Growth cones advanced within the three-dimensional lattice of the collagen substratum (as noted previously by Ebendal, 1974) .
Growth cone conformation and age. Observations of growth cones in real time and in time-lapse film sequences showed a range of conformations (Fig. 2) . The activity of perinatal growth cones was vigorous and continuous; areas of the cone periphery formed and collapsed within several seconds. Perinatal growth cone size tended to be correlated with the diameter of the neurite. Growth cones of neurites approaching 1 pm in diameter were 25 to 40 pm in lateral extent (including filopodia), whereas neurites of small caliber (-0.1 pm) were tipped by less elaborate growth cones 5 to 10 pm in extent. Continuous movement of organelles was observed within the body of the growth cone and into and out of the trailing neurite shaft.
The conformation (Fig. PC) and activity of embryonic growth cones were similar to those of perinatal cones. The cones moved and fluctuated in size and form with a constantly changing pattern of filopodia and lamellipodia.
Compared with E21/Pl growth cones, El7 cones tended to be somewhat smaller and simpler, although their size distribution overlapped that of the perinatal neurons.
Growth cones of neurons from postnatal SCG differed in activity, size, and conformation (Fig. 2, d to f). The cones were not larger than 10 pm in width as they rarely contained a broad expanse of cytoplasm and their filopodia were short and branched. Although not quantitated, our impression from the tine films was that the filopodia formed, moved, and disappeared at lower rates than did those of embryonic and perinatal cones. The large membranous lamellipodia present at the periphery of younger growth cones were not observed.
Growth cone translocationpatterns and age. Data were derived from 4-hr trajectories of about 200 individual growth cones tracked with the digital time-lapse system. At the end of a 4-hr recording period, the trajectories were reconstructed and then another field with several cones was located. Fields were chosen to contain isolated cones growing in such a way that they would remain in the field for the recording period. When neurites bifurcated during the recording period, one of the branches was arbitrarily chosen for subsequent tracking. Neurites which crossed with nearly perpendicular courses most often separated and could be followed beyond the encounter without difficulty. When one fiber met another at a shallow angle it sometimes fasciculated with the first (as in Roberts and Taylor, 1982) . Growth cones could be followed along neurites by looking for their moving extensions; those cones, comprising <lo% of the cones tracked, were not found to move at different rates. Neurites which did not remain in the field were ignored in the analysis.
Trajectories were obtained from SCG cultures derived from E21 or Pl, E17, and PlO or P33 animals and grown as explants or dissociated cells. Differences in the overall pattern of forward translocation by growth cones from the different age groups were immediately apparent from growth cone tracks (Fig. 3 ). The tracks followed by perinatal cones were long and fairly straight, although some changes in direction were seen. The tracks of embryonic cones were shorter for the same length of time and frequently punctuated by "knots" indicating instances of retraction.
The growth cones could retract suddenly and up to 100 pm when the trailing neurite assumed a coiled appearance. With shorter retractions, neurites appeared to thicken or "bunch up." Representative tracks for P33 growth cones were tortuous and even shorter for the same 4-hr period. The "knots" along these tracks resulted less from retractions, which were much shorter than those of El7 cones, than from the tendency of P33 growth cones to wander about within a small area with frequent changes in direction, thus making little forward progress.
For all ages and for both explant and dissociated cultures, growth cone advance was found to be intermittent.
Periods of forward translocation of the cone were punctuated by periods of slower advances or complete cessation of forward movement. When several growth cones were being tracked in the zero advance in all three records. The El7 growth cone undersame field of view, no synchrony in their phases of maximal or went two instances of rapid retraction represented by negative minimal extension was noted. Figure 4 presents representative rate values. examples of plots of translocation rates as a function of time These differences in the pattern (Fig. 3) and lo-min rate for Pl, E17, and PlO cones. Note the several approaches to values (Fig. 4) of neurite extension for the three age groups explain the differences in the 4-hr mean advance rates. Table  I lists representative examples of forward advance rate values measured in the various categories of experiments.
Note that the fastest advance rates (14 to 29 pm/hr) were for the Pl growth cones. Rates for the El7 growth cones varied more widely and were generally slower (8 to 22 pm/hr), whereas postnatal growth cones moved the slowest (4 to 13 pm/hr).
Because the forward advance rate of all growth cones varied over time, a closer look at the patterns of growth cone motility presented by these three developmental stages was afforded by plotting histograms of the individual lo-min rate measurements. All of these rate measurements for the growth cones for each age group and culture mode (explanted and dissociated) are plotted together as histograms in Figure 5 . Both embryonic and perinatal growth cones advanced at a wide range of velocities reflecting advance interspersed with pauses. Thus, during a small percentage of the total lo-min periods observed, both El7 and Pl growth cones moved at 50 pm/hr or more. A major difference between the two ages, however, is the proportion of time spent in retractions (negative translocation rates). Note that time spent in retraction is greater for the El7 growth cones than for the Pl cones in both explanted and dissociated cell cultures. This difference in the percentage of time spent in retraction is confirmed by counting the number of retractions per unit of time, regardless of magnitude or rapidity. Thus, 0.18 f 0.07 retractions/hr (mean + SD) were counted for the perinatal growth cones compared with 0.47 f 0.07 retractions/hr for the embryonic cones. Vol. 4, No. 12, Dec. 1984 The histograms for the PI0 and P33 cones indicate less variability in the rate of advance compared with the younger growth cones (Fig. 5) ." There were few episodes of advance greater than 50 pm/hr. This was consistent with the sluggish activity of adult growth cones observed in the time-lapse tine records and the overall slower rate of growth in longer-term culture (Argiro and Johnson, 1982) . Dividing the spectrum of rates in Figure 5 into four broad categories clarifies further the differences between the age groups (Table II) . Adult cones remained stationary over one-third of the observation period compared with 15% for the younger cones. Similarly, cones from adult explants rarely translocated at rates greater than 50 pm/hr (1%) versus the younger cones that spend approximately 12% of the time in fast forward movement.
Whereas the histograms ( Fig. 5 ; see also Table II) show that the growth cone translocation patterns were qualitatively similar for explanted and dissociated cultures for all three age groups, peak rates of translocation were consistently greater in explant than in dissociated cultures. Thus, the age-dependent differences in neurite extension observed in studies of explants (Argiro and Johnson, 1982) were not due to differential cell survival. The reasons for the higher rates of translocation occurring in explanted tissue are not known. Greater neuronal injury during dissociation might affect the rate of outgrowth, especially when measured during the first days of culture. The dissociated neurons are also removed from possible trophic influences of non-neuronal cells that are retained in the explanted ganglia. Thus, although the growth cones studied were 4 The error in position determination is +1 or 2 pixels. Each pixel is 1.8 pm corner to corner; therefore, in the worst case, if a 2-pixel error is made in the same diagonal direction on two subsequent measurements, the average error is 1.8 pm in 20 min (two frames) or a false non-zero rate of 11 wm/hr-about one binwidth in the histograms. free of non-neuronal cells, their performance might be altered by the non-neuronal cells accompanying the neuronal somata within the explant. rates of advance (Fig. 4) . Examination of individual growth cones at high magnification in time-lapse films revealed that these phases of more or less rapid translocation were accompanied by changes in the form of the growth cone periphery (Fig. 6) . When cones were found moving at rates of 100 to 200 pm/hr or more in the cinematographic films, they consistently exhibited a fan-shaped appearance due to the predominance of lamellipodia (Fig. 6, a and c ). An image of the growth cone with the most expansive lamellipodium filmed is presented in Figure  6c . This growth cone traversed a 50-pm field in 15 min (-200 pm/hr). As is evident in this image, the lamellipodium was so diaphanous that its presence could easily be missed. The full extent of such lamellipodia was not detectable while it was being observed in real time in the microscope but became evident only after the contrast enhancement afforded by the film and the perception of motion afforded by the 1:16 timelapse ratio. The size and shape of the lamellipodial fan in Figure 6c were maintained despite the impression of flowing movements of its surface. At no time did filopodia extend from the perimeter of this fan. Another lamellipodial-type growth cone, illustrated in Figure 6a a majority of cones observed at high magnification in the films were moving at rates below 50 pm/hr. In place of the smooth perimeter of a lamellipodium, an irregular pattern of filopodia dominated the margin of these growth cones (Fig. 6, b and d) . The cone in Figure 6d advanced <5 pm in 20 min, or (15 pm/ hr; that in Figure 66 moved at about 30 pm/hr. Filopodia extended, branched, bent, and collapsed continuously in the tree-shaped cones; in fact, it was very striking that these highly active cones translocated more slowly than did the fan-form cones. Adjacent filopodia were frequently spanned by a webshaped expanse of membrane.
If these webs grew outward, filling the space between filopodia, a lamellipodium formed. The converse process exposed filopodia in more lamellipodial areas.
In four instances (Table III) , transitions from fan-form to tree-form (slowing of translocation)
or from tree-form to fanform (speeding up of translocation)
were captured in time-lapse film sequences. Transitions from fan form to tree form were found more frequently than was the converse-transition. This can be explained statistically.
Fan-form episodes are briefer than tree-form episodes and shorter than the typical filmed observation segment. Thus, the probability of recording fan to tree transitions is greater than that of recording tree to fan transitions. Figure 7 contains selected frames from a sequence showing a growth cone which converted from fan form to tree form and slowed in its translocation.
The growth cone began the sequence in less than extreme fan form; that is, the leading edge of the lamellipodium was serrated. By the end of the sequence, the growth cone had become transformed into a predominantly filopodial configuration. The growth cone moved forward perceptibly during the first 300 set (top four panels of Fig. 7 ) but slowed as its lamellipodium shrank and was replaced by filopodia (Fig. 7, bottom two panels) . In another paired observation (Table III , growth cone RK009), the fanform cone moved at a slower rate (50 pm/hr) compared with the other fan-form cones (90 to 240 pm/hr), but after 5 min it slowed dramatically to 10 rm/hr as it assumed the tree form. No tree-form cones were observed moving >60 pm/hr.
The higher rates of translocation (up to 240 pm/hr) obtained with the cinematographic analysis as opposed to those obtained with the digital video recording system are due to differences in the methods of measurement and analysis. The values obtained from the tine films are more indicative of the peak rates of translocation possible as they are measured over shorter periods of time and at high magnification. The video system was designed to monitor long-term trends recording growth cone movement at much lower magnification over hours. In addition, the linear regression method used in the video analysis averages three sequential measurements, smooths the data, and underestimates the fastest short-term rates.
Discussion
Two major conclusions can be made from this study. Agedependent extension of rat sympathetic neurites on a collagen substratum in culture can be traced to differences in the pattern of translocation and form of individual growth cones. Secondly, the predominance of a lamellipodial or filopodial conformation correlates with the translocation rate of the growth cone.
The basis of age-dependent growth rate differences Embryonic and perinatal neurons. Although cones of embryonic and perinatal neurons were similar in form, maximum growth cone translocation rates were found in cultures of perinatal neurons. Perinatal cones tended to extend without significant retractions along a fairly straight course. In contrast, growth cones of embryonic cells retracted almost 3 times more frequently, although they were capable of the same peak rates of advance. Differences in growth cone translocation patterns Vol. 4, No. 12, Dec. 1984 were observed independent of interactions with non-neuronal cells and patterns of fasciculation, both of which can influence neurite outgrowth (Ruthishauser and Edelman, 1980; Roufa et al., 1983) . Although non-neuronal cells were present in these cultures, care was taken to ensure that the growth cones tracked were isolated from such cells. In >90% of the cases, the cones were also separated from other neurites.
More rapid rates of embryonic growth cone advance than those observed in this study can occur under conditions permitting the rapid migration of non-neuronal cells, with which the neurite tips are associated (Roufa et al., 1983) . Thus, the slower rate of advance of El7 cones in the absence of associated non-neuronal cells which we report here may not be due to an intrinsic deficiency in growth cone formation.
The difference in neurite extension rates between the embryonic and perinatal neurons results from an increased frequency of retraction of growth cones of the younger cells; a reason for this more frequent retraction may be that the embryonic cones do not adhere as strongly to the collagen. Growth cone adhesion is key to neurite extension because, depending upon the culture conditions, neurites are anchored to the substratum primarily in the growth cone regions (Bray, 1973) .
This suggested difference in substratum adhesion of perinatal versus embryonic cones may be due to variations in growth cone surface membrane. That there may be some modification in the cultured growth cone surface with maturation, as judged by changing preferences for non-neuronal cells or neighboring neurites (fasciculation), has been discussed earlier (Argiro and Johnson, 1982) . The potential for substantial change in growth cone surface characteristics clearly exists because of continuing addition of membrane constituents (Bray, 1970; Pfenninger and Maylie-Pfenninger, 1981 ; see also review by Landis, 1983) and removal of membrane during endocytosis (reviewed by Bunge et al., 1983) . The composition of the constituents destined for the growth cone surface membrane could vary in embryonic and perinatal neurons.
The strength of attachment to the substratum strongly influences growth cone morphology (size, conformation, and internal organization), rate and direction of elongation, and degree of branching. Cones are more expanded and contain more and longer filopodia when they contact a more adhesive surface (Luduena, 1973b; Letourneau, 1979) . Areas of close adhesion coincide with microfilament (actin) bundles, suggesting that contact influences the positioning of organelles within the cone (Letourneau 1979 (Letourneau , 1981 . Cones prefer to grow on a substratum to which they adhere best (Letourneau, 1975) . Neurites are under tension, and the amount of this tension, which depends upon the degree of adhesion, influences the degree of branching (Bray, 1979) . From all this and additional work, the concept has arisen that suitable adhesion of the cone is necessary for its advance. If adhesion is inadequate, the tension that is required for advance results in retraction and the cone fails to move ahead (see Johnston and Wessells, 1980; Bray, 1982; Letourneau, 1982 Letourneau, , 1983b Wessells, 1982; Bunge, et al., 1983 , for additional review). Adult neurons. The growth cones of older neurons did not advance as rapidly as those from embryonic and perinatal neurons in the first few days of culture. The major reasons for this difference include the lack of rates of translocation of >50 pm/hr and increased time in which little forward advance occurred. The cones from older neurons were diminished in size, exhibited fewer filopodia, and lacked definitive lamellipodia. These morphological and advance rate differences from younger cones suggest that the sluggish advance of cones from older neurons may be related to deficiencies in neuritelcone assembly instead of, or in addition to, possible lessened adhesion to the substratum.
Possible reasons for slower neurite extension from older neurons are diminished synthesis in the cell body, reduced axonal transport of components that support motility, and paucity of specific growth-associated proteins. Luduena (1973a) found that chick sensory neurons with processes lengthening at twice a given rate synthesized twice as much protein in the cell body region.
The slower elongation of neurites and reduced cone size and activity could also result from the slower transport of the "axonal motile complex," the actin and associated proteins traveling together in slow component b (Wujek and Lasek, 1983) . Comparing the rates of slow (component b) axonal transport and axonal regeneration in the centrally and peripherally directed processes of the rat sensory ganglion cell, Wujek and Lasek (1983) found that both regeneration and slow transport were about 2 times faster in the peripheral than in the central process. Because the rates of regeneration and slow component b transport were similar, the authors hypothesized that this actin-containing complex is a rate-limiting factor in regeneration because of its role in providing substances directly involved in growth cone advance (see also Black and Lasek, 1979) . In fact, Lasek (1981) has proposed "that the growth cone is an expression of the continuous anterograde march of (slow component b) within the axon."
Slower advance of adult cones could also possibly result from decreased amounts of rapidly transported proteins known to be associated with axonal growth, the "growth-associated proteins" (see references in Willard and Skene, 1982) . Willard and Skene (1982) found that "GAP 43" increases 50 times during axonal regrowth of mammalian PNS neurons and is elevated in mammalian CNS neurons during initial growth but greatly diminished with maturation. They also discovered that GAP 43 is not reinduced when adult CNS neurons (which do not regrow axons successfully) are injured. Thus, this correlation between the elevation of GAP 43 and the onset of axonal growth and the failure of induction in a neuron that does not regenerate an axon has led to the concept that GAPS are necessary for axon growth and, moreover, that an alteration in neuronal gene expression is required for their increase in regeneration. Changing levels of GAPS could explain some of the observed changes in neurite extension rates with time in culture reported earlier (Argiro and Johnson, 1982) . The initially higher rate of neurite extension from perinatal ganglia (from animals in which the neurites had been growing rapidly), the subsequent decline to half the rate in culture, the initially lower rate of extension from ganglia removed from older animals, and the subsequent gradual doubling of this rate in culture could be explained by the concept advanced by Willard and Skene (1982) .
Lamellipodial versus filopodial function
A constant finding in tissue culture studies has been that the moving parts of the growth cone take the form of ruffling lamellipodia (veils) and dynamic filopodia (microspikes) (e.g., Pomerat et al., 1967) . A single growth cone may extend both types of protrusions, simultaneously or at different times (Luduena and Wessells, 1973) . Serial thin sectioning has divulged that lamellipodia and filopodia exist at the leading tips of neurites growing in the animal (Tennyson, 1970; Skoff and Hamburger, 1974; Tosney and Landmesser, 1983; K. W. Tosney and L. T. Landmesser, personal communication) .
To what extent these conformations differ in function during neurite extension is not yet understood. In animal studies, lamellipodia have more often been associated with axonal than with dendritic tips (Skoff and Hamburger, 1974) . Our study shows for the first time that the rate of growth cone advance varies depending upon the predominance of lamellipodia or filopodia and that a shift from one form to the other is accompanied by a change in this rate. The question arises, why, on the substratum we used, cones in a predominantly lamellipodial phase advanced faster (up to 240 pm/hr) than cones projecting filopodia (5 to 60 pm/hr). The motile periphery of the growth cone consists chiefly of microfilaments, and intense anti-actin immunofluorescence has been observed in this region (reviewed by Johnston and Wessells, 1980; Bunge et al., 1983; Landis, 1983; Letourneau, 1983a; Tosney and Wessells, 1983) . In a recent high voltage electron microscopic study comparing expanding lamellipodia and unattached (moving) and attached filopodia, lamellipodia and unattached filopodia contained a cortical meshwork of filaments whereas attached filopodia contained aligned filaments that extended as bundles into the body of the cone (Tosney and Wessells, 1983) . (Lamellipodia close to the substratum could contain bundles of filaments which always extended from attached filopodia.)
That the protrusion of the leading edge is mediated by a filamentous meshwork whereas bundles of filaments are present in relation to an area of adhesion is in agreement with results obtained with a variety of non-neuronal cells. For example, Herman et al. (1981) , comparing anti-actin immunofluorescence with phase contrast images in HeLa, embryonic chick, neural crest, and blood cells, found that stationary cells possessed prominent filament bundles (stress fibers) which stained intensely for actin, whereas migrating cells showed intense but diffuse anti-actin staining, particularly in the areas of ruffling membrane. Our films revealed that the more slowly translocating, predominantly filopodial E17/E21 cones are nonetheless highly active; because the filopodia were observed to move constantly, the difference did not appear to result from lessened motility of the cone periphery. Differences in advance rates could result from differences in substratum adhesion of the leading margin of lamellipodia versus the tips of filopodia. Letourneau (1979) found by means of interference reflection optics that the leading margin of lamellipodia is nonadherent in contrast to the central and lateral regions. In other words, a lamellipodium may be partly attached, a requirement for extension, and yet have a free margin that continues to extend (similar to fibroblasts; Izzard and Lochner, 1980) . Filopodia, on the other hand, may extend and attach to the substratum along their length. These linearly adherent filopodia may stabilize portions of the cone margin and influence the organization of microfilament bundles but do not promote protrusive activity (Letourneau, 1979) . The unattached leading margin of lamellipodia may therefore be a more favorable site for the addition of components needed to expand the plasmalemma (as it may also be for fibroblasts; Abercrombie et al., 1977) . Filopodial plasmalemma contains newly added lectin receptors (Pfenninger and Maylie-Pfenninger, 1981 ), but it is not known whether these are added in lamellipodial or filopodial phases. In some of the sequences we viewed (as in Fig. 7) , an extended lamellipodium shrank to leave behind a predominantly filopodial "skeleton" (which then slowed in translocation).
A difference between lamellipodial and filopodial function is also implied in work by Seeley and Greene (1983) . These authors stated that, upon replacement of NGF in the culture medium after withdrawal for a few hours, filopodial activity was seen within 2 min but neither lamellipodial spreading nor neurite extension reappeared until 20 min later. A better understanding of lamellipodial versus filopodial differences is important for study of adult nerve fiber regeneration because the slowly extending neurites of adult neurons were found in our study to lack definitive lamellipodia.
